We have identiied a 10-kDa stress-ducibe mitochondrial protbin. ,uCi/ml (Tran35S-label, New England Nuclear, 1165 Ci/ mmol), harvested, and pelleted. After two washes in ice-cold phosphate-buffered saline the cells were resuspended in 20 mM Hepes, pH 7.5/2 mM dithiothreitol/phenylmethylsulfonyl fluoride at 0.2 mg/ml, incubated on ice for 10 min, and then homogenized in a Dounce homogenizer. An equal volume of 2x mitochondrial isolation buffer [lx isolation buffer is 20 mM Hepes, pH 7.5/220 mM mannitol/70 mM sucrose/l mM EDTA/phenylmethylsulfonyl fluoride at 0.2 mg/ml] was added, and the suspension was centrifuged at 754 x g for 10 min. The supernatant was recentrfuged at 8714 x g for 10 minm giving a cytosolic supernatant and a crude mitochondrial pellet, which was dissolved in mitochondrial isolation buffer and further purified by sucrose densitygradient centrifugation (18). Mitochondria purified from the sucrose density gradients were pelleted, washed, and lysed by incubation at 40C for 1 hr in 20 mM Hepes, pH 7.5/2 mM dithiothreitol/phenylmethylsulfonyl fluoride at 0.2 mg/ml/ 0.5%o (wt/vol) Lubrol PX followed by centrifugation at 14926
We conclude that HsplOIs a eukaryotic CpnlO homooge and, therefore, together with Cpn6O essential for mitochondrial protein biogenesis. The Cpn-mediated protein-folding apparatus, thus, exhibits a high degree of conservation between prokaryotes and mitodchondrla of higher eukaryotes.
Escherichia coli chaperonin 60 (Cpn6O) (also known as GroEL) is a member of the highly conserved Cpn6O family (1) (2) (3) and essential for the folding of some proteins in vivo (3) (4) (5) (6) (7) and in vitro (8, 9) . Biochemical (8) (9) (10) and genetic (11) evidence-reveals that Cpn6O action critically depends on a physical interaction with E. coli chaperonin 10 (CpnlO) (also referred to as GroES). Cpn6O in the matrix of mitochondria is required for correct folding and assembly of imported proteins in vivo (l;, 13), and the presence of bacterial CpnlO is a requirement for its {unction in vitro (8) . These observations argue for the existence of an as-yet-unidentified eukaryotic CpnlO homologue (14) . Recently, Lubben et al. (15) demohstrated the presence of a CpnlO-liie activity in mammalian mitochondrial preparations, but a chemical, immunological, and/or evolutionary relationship of this partially purified factor with bacterial CpnlO was not established.
Becaqse the two major classes of molecular Cpns-i.e., the heat shock protein 70 (Hsp7O) and Cpn6O families (6, 16) -are lndiucible by conditions assumed to affect protein structure, an alternative approach to identifying potential molecular Cpns is to stress cultured cells and monitor synthesis of stress-inducible proteins through metabolic labeling (17) . We report here the identification and purification of a mitochondrial Hsp (HsplO) similar in size, oligomeric organization, and amino acid sequence to the E. coli groES gene product. This HsplO, a eukaryotic CpnlO homologue, was purified to homogeneity, sequenced, and shown to be stress inducible.
We further demonstrate its essential role for Cpn-mediated reconstitution of chemically denatured ornithine transcarbamoylase (OTC) from rat liver. Thus (24) . OTC was quantitated spectrophotometrically (25) . (HsplO). Growth of cultured cells in the presence of the proline analogue L-azetidine-2-carboxylic acid (17) and subsequent cell fractionation allowed us to determine the subcellular location of this Hsp (Fig. 2) . Mitochondria derived from stressed cells arid purified by sucrose density-gradient centrifugation contained large amounts of the inducible 10-kDa protein (compare lanes 2 and 3), whereas the cytosolic fractions were devoid of this component (lanes 5 and 6). The 7-kDa heat shock-inducible component was not seen in these mitochondrial preparations but was visible in crude nuclear preparations (data not shown). When heat-shocked cells were fractionated, an identical induction pattern of the 10-kDa protein was seen (data not shown). We conclude that HsplO is located in mitochondria.
RESULTS
Rat HsplO Exhibits Sequence Homology with Bacterial CpnlO. To characterize HsplO further, mitochondrial matrix preparations from 35S-labeled cultured cells exposed to L-azetidine-2-carboxylic acid and from rat liver were mixed and analyzed by SDS/PAGE followed by Coomassie brilliant blue staining and fluorography. The labeled HsplO comigrated exactly with a single major protein from rat liver mitochondria (data not shown). For purification of this protein to homogeneity, highly purified mitochondria were lysed and subjected to a number of chromatographic steps (Fig. 3) electrospray mass spectrometry gave a molecular mass of 10,813.4 ± 0.4 Da (SD) (Fig. 4) .
The purified HsplO was subjected to N-terminal sequence analysis, but no sequence information was obtained, indicating that the protein was modified at its N terminus. When HsplO was cleaved with CNBr, endoproteinase Glu-C, and clostripain followed by HPLC separation, a number of peptides were recovered and subjected to automated Edman degradation and electrospray mass spectrometry, allowing us to determine >90% of the entire sequence of rat HsplO (Fig.   5 ). -(A,Q,A,G,F) R] is 690.7 Da as compared with 691.7 for Ac-(A,E,A,G,F)R. The derived amino acid sequence was in excellent agreement with the amino acid composition determined for Hsp10 (data not shown). Comparison of the Hspl0 sequence with those of known bacterial CpnlO homologues (2, 27-33) is shown in Fig. 5 . The overall positional identity between the prokaryotic Cpn1O molecules is 45% or more, whereas that between Hsp1O and these proteins ranges from 30 to 41%. Sixty percent of all residues found in rat Hsp1O have an identical counterpart in one or more of the bacterial CpnlO homologues, and a large number of conservative substitutions can also be observed. The similarity in subunit Mr, oligomeric structure, stress inducibility, and amino acid sequence shows that the mitochondrial Hspl0 identified in this work is the structural and possible functional eukaryotic homologue of E. coli Cpn1O. This finding was corroborated by our finding that rat HsplO, like E. coli CpnlO (9, 15, 34) was a strong and specific inhibitor of the uncoupled ATPase activity of E. coli Cpn6O (data not shown).
Cpn-Dependent Foldi of OTC Identifies Rat HsplO as a Funcional Eukaryotic CpnlO Homologue. Rat liver OTC is an abundant mitochondrial urea-cycle enzyme existing as a trimer of nuclear-encoded 36-kDa subunits (19, 20, 25) . To assess the likely Cpn activity of rat HsplO, OTC was chemically denatured by incubation with 6.1 M guanidinium chloride and thereby rendered catalytically inactive. Attempts to spontaneously reconstitute OTC activity by 100-fold dilution were unsuccessful (Table 1) . By contrast, a very substantial degree of reconstitution was seen when denatured OTC was diluted into a solution containing Mg-ATP and U4-fold molar excess of oligomeric bacterial Cpn6O and rat HsplO. Reconstitution required both Cpn6O and HsplO, as dilution into buffers containing either Cpn alone did not show any detectable recovery of OTC activity. Furthermore, ATP hydrolysis seems to be required because substituting the nonhydrolyzable ATP analogue adenosine 5'-(J3,y-imido)triphosphate for ATP completely abolished reactivation. Reconstitution of OTC activity is not a rapid process under the conditions used and, hence, only -8-10%o activity is regained after 90-min incubation as compared with 61% after 24-hr incubation. We saw no significant differences between folding experiments conducted at 250C and at 370C. Thus, rat HsplO fulfills all the criteria expected for a functional chaperone and, therefore, should be designated rat Cpnl0.
DISCUSSION
We have identified a 10-kDa eukaryotic stress protein in a rat hepatoma cell line. Subcellular fractionation revealed that this protein was located in the matrix of mitochondria and was not detectable in isolated cytosolic fractions. The stress induction pattern of this protein is similar to that of mitochondrial Cpn6O but is distinct from that ofglucose-regulated protein 75 (grp75) (unpublished observations). The only other 10-kDa stress protein identified and characterized in detail, so far, is CpnlO from E. coli, but we have evidence that young barley seedlings respond to heat shock by synthesizing similar-sized proteins located in chloroplasts and mitochondria. Therefore, this protein appears to be ubiquitous and an important component in the stress response of eukaryotes.
To address the evolutionary relationship of rat HsplO to other stress proteins, HsplO was purified to homogeneity from highly purified rat liver mitochondria. The purified polypeptide was posttranslationally acetylated and, therefore, could be sequenced only after fragmentation. The derived amino acid sequences revealed an unequivocal positional identity to prokaryotic CpnlO homologues, and we, therefore, conclude that rat HsplO is a structural homologue of E. coli CpnlO. (31), and Thermoplic bacterium strain PS3 (32) . Purified HsplO was cleaved with CNBr, endoproteinase Glu-C, and clostripain, and the individual digests were subjected to reversed-phase HPLC, essentially as described for purification of HsplO. Major peptide peaks were recovered and subjected to automated Edman degradation. Purified HsplO did not yield any sequence information and is blocked at its N terminus due to a posttranslational acetylation. Alignment of individual peptides was based on overlapping sequences from individual digests and/or electrospray mass spectrometry. Identity of the five amino acids comprising the acetylated N terminus of HsplO was deduced from compositional analysis, but the exact sequence was not determined, and the order shown is on the basis of alignment with the prokaryotic homologues. Details of the sequencing strategy and mass spectra are available upon request. Identical residues and conservative replacements defined as K/R, T/S, D/E, Q/E, D/N, and I/L are shaded grey. Residues that could not be determined unambiguously are indicated with an X.
To see whether the structural similarity between E. coli CpnlO and rat HsplO identified here could be extended to the functional level, the Cpn-dependent refolding of homotrimeric OTC denatured in 6.1 M guanidinium hydrochloride was studied. OTC is a nuclear-encoded urea-cycle enzyme (19, 20, 25) , which exists as a homotrimer in the matrix of mammalian mitochondria. Spontaneous refolding of OTC upon 100-fold dilution was not detected, but 62% of the original OTC activity was recovered in a process requiring Cpn6O, rat HsplO To date, the Cpn60/CpnlO-mediated reconstitution of five enzymes has been reported-these being monomeric dihydrofolate reductase (10), monomeric rhodanese (10), monomeric pre-3-lactamase (37), dimeric ribulose bisphosphate carboxylase/oxygenase (8) , and-as the only eukaryotic oligomer-dimeric bovine citrate synthase (38) . All these reconstitutions have been done with purified E. coli Cpnl0 and in one case (Rubisco) by a partially purified bovine Cpnl0-like activity (15) . Here we report the successful in vitro reconstitution of a eukaryotic protein using a eukaryotic CpnlO. That rat Cpnl0 successfully worked with bacterial Cpn6O in these experiments points toward a remarkable conservation of the overall structure of CpnlO through evolution. This apparent conservation of overall structure is also reflected in the oligomeric arrangement of rat Cpnl0. Calculations based on the exact monomeric molecular mass (10, 813 Da) and the oligomeric weight estimated from gel filtration (65 kDa) suggests a hexameric structure that can be compared with the hexameric to octameric structure suggested for the E. coli Cpnl0 (34) . The partially purified CpnlO-like component of bovine mitochondria identified by Lubben et al. (15) was ascribed to a 9-kDa component that formed an ATP-dependent complex with Cpn60. This component probably represents the bovine homologue of rat CpnlO, although it appeared to have a native molecular mass of 45 kDa compared with 65-kDa for rat CpnlO and 70-80 kDa for E. coli Cpnl0 (34) . The reason for this discrepancy is not clear.
The exact roles of Cpns in refolding of denatured proteins and the structural motifs they recognize are largely unknown. All proteins that so far have been folded under conditions requiring Cpns fold in vitro under favorable nonphysiological conditions in the absence of Cpns. It is, therefore, most likely that the Cpns are essential for folding in vivo because they eliminate nonproductive off-pathway reactions, such as aggregation (10, 38) , rather than selecting a particularly favorable folding pathway. Because purified preparations of mammalian Cpn6O and cDNAs encoding the proteins are already available (17, 39) , the work described here will now allow studies into Cpn-mediated folding of mitochondrial proteins by using a homologous pair of pure eukaryotic CpnlO and Cpn60 and a mitochondrial protein OTC.
